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Introduction
Although the existence of adrenergic neurons within the central nervous system (CNS) has been well established, many of their functions remain unexplored. It is known that most norepinephrine (NE)-containing neurons arise from brain stem nuclei and project multiple branched axons throughout the CNS (Moore and Bloom, 1979) .
Due to this rich and widespread projection of adrenergic axons, it is believed that the neurotransmitter NE plays a modulatory role in some global aspects of brain function.
Indeed, the adrenergic system is shown to be involved in a variety of CNS functions including: regulating the sleep-wake cycle (Berridge and Waterhouse, 2003) , modulating electroencephalographic activity (Foote et al., 1983) , promoting a state of vigilance (Aston-Jones and Bloom, 1981) , thermoregulation (Philipson, 2002) , and enhancing learning and memory (Kobayashi and Kobayashi, 2001 ).
Among the many targets of NE-containing axons in the brain is the hippocampus (Jones and Moore, 1977; Loy et al., 1980) , which receives one of the highest densities of adrenergic terminals in the CNS (Schroeter et al., 2000) . The hippocampus occupies a central position in the neural circuits that govern emotions, motivation, attention and certain types of memory processes (Milner et al., 1998; Eichenbaum, 2000) . The hippocampus also has a pathological role in Alzheimer's disease (Hyman et al., 1984; Braak and Braak, 1997) and schizophrenia (Luchins, 1990) , has been shown to be exceptionally vulnerable to ischemia and anoxia (Tekkok and Ransom, 2004) , and is of particular interest in epilepsy due to its low seizure threshold and frequent involvement in hyperexcitable episodes (Johnston and Amaral, 2004) . The hippocampus is also the site where a form of activity-dependent synaptic enhancement, This article has not been copyedited and formatted. The final version may differ from this version. called long-term potentiation (LTP), was first shown. This potentation of excitatory activity may be the cellular basis of learning and memory (Bliss and Collingridge, 1993) . Specificity in the adrenergic system is believed to be achieved primarily through a distinct and diverse expression pattern of postsynaptic adrenergic receptors (ARs).
Activation of these ARs is often seen to produce state-dependent or enabling effects, with different receptor subtypes often mediating opposing effects within a cell. (Lands et al., 1967; Bylund et al., 1994 , Emorine et al., 1989 . In addition, ISO is essentially equipotent at β 1 and β 2AR subtypes, while it is considerably less potent for the β 3AR (Liggett, 1992; Galitzky et al., 1995; Schumizu et al., 1996) . Although much is known about the role of β AR subtypes in the periphery, far less is known about their function in the CNS. All three β AR subtypes are found in the brain, albeit the β 3AR subtype appears to have a very limited expression pattern (Pupo and Minneman, 2001 ). In the hippocampus, β AR activation has been shown to facilitate LTP (Hopkins and Johnston, 1988; Gelinas and Nguygen, 2005) as well as to enhance certain memory processes (Murchison et al., 2004) . Delineating which This article has not been copyedited and formatted. The final version may differ from this version. Electrophysiological recordings. A single slice was transferred to the recording chamber, where it was submerged and superfused continuously at a rate of 2-4mL/min with ACSF. Glass microelectrodes were made using a two-stage puller (PP-830, Narashige, Japan). Extracellular field potentials were recorded using microelectrodes filled with 3M NaCl and placed in the stratum pyramidale of the third Cornis Ammonis (CA3) region of the hippocampus (see Fig. 2 ). Currents were detected using an Axoclamp 2B (Axon Instruments, Union City, CA), amplified at 10X or 100X using a Brownlee Precision Model 440 instrumentation amplifier (Brownlee Precision, San
Jose, CA), digitized at 1kHz with a Digidata 1322A analog-to-digital converter (Axon Instruments), and recorded using Axoscope 9.0 software (Axon Instruments).
It has been established that hippocampal CA3 pyramidal neurons will fire burst discharges due in part to extensive recurrent circuitry (Traub et al., 1991) . This activity can be elicited by attenuating synaptic inhibition using a GABA A receptor antagonist such as picrotoxin. Since this particular characteristic is present exclusively in CA3 pyramidal cells, the frequency of burst discharges can serve as a selective measure of hippocampal CA3 neural network activity.
All experiments were performed at room temperature (22±1°C). Slices were continually superfused with ACSF containing picrotoxin at 100µM (to elicit burst discharges) and any applicable receptor antagonists. If no burst discharges were seen after 20min of perfusion, the slices were determined to be unresponsive and discarded.
Once burst discharges were evident, 30min of baseline data was recorded before any exposure to agonist. Preliminary experiments were conducted to assure that This article has not been copyedited and formatted. The final version may differ from this version. pharmacological antagonists showed no effect on their own and that each agonist dose produced its maximum effect in the time allotted (data not shown).
Data analysis. Burst discharge frequency was analyzed using Mini Analysis 6.0 (Synaptosoft, Decatur, GA). Frequency vs. agonist concentration data was then entered into GraphPad Prism 4.0 (GraphPad Software, San Diego, CA) and concentration-response curves were constructed using a non-linear least squares curve fitting method. Concentration-response curves for an agonist were plotted as percent of maximal response. Each curve was fit with a standard (slope = unity) or variable slope, and the best-fit was determined using an F-test with a value of P<.05. The calculated EC 50 value was used as a measurement of agonist potency. Significance between groups was tested using an unpaired two-tailed Student's t test (P<.05).
Schild analysis was used to functionally determine apparent equilibrium dissociation constants (pK b ) for atenolol, butoxamine, ICI-118,551, and metroprolol (Arunlakshana and Schild, 1959) . For each experiment, cumulative concentration-response curves were performed in adjacent hippocampal slices of the same rat (one concentrationresponse curve per slice). Dose-ratios of EC 50 values in the presence and absence of a selective AR antagonist were calculated and Schild plots constructed by graphing the log of the dose ratio -1 versus the log of the concentration of that AR antagonist (Arunlakshana and Schild, 1959) . Linear regression analysis of these plotted points was used to determine the slope and x-intercept of the Schild regressions. Schild regression slopes are expressed as the mean ± 95% confidence interval and were only considered different from unity if the 95% confidence interval did not include the value This article has not been copyedited and formatted. The final version may differ from this version. with cells in the CA3 displaying the heaviest labeling (Fig. 1A) . CaMK-II immunofluorescence was also observed within pyramidal cells of the stratum pyramidale in the same cytoarchitectual regions of the hippocampus. This labeling was localized within both perikarya and proximal processes (Fig. 1C) . These CaMK-II results reflect those previously reported and confirm the utility of CaMK-II as a marker of pyramidal cells in the hippocampus (Goto et al., 1993 showed the greatest intensity of β 1AR and CaMK-II immunofluorescence (see Fig. 2 ).
As illustrated in Fig. 2A , picrotoxin-induced burst discharges appear as sharp biphasic spikes.
The depolarizing/hyperpolarizing waveform corresponds to a series of population spikes followed by an after-hyperpolarization in CA3 pyramidal neurons (Traub et al., 1991) . Application of the selective β AR agonist, ISO, caused a concentration-dependent increase in the number of these events (Fig. 2) . Using a frequency histogram of the ISO-induced increase in burst discharges (Fig. 2B) , a concentration-response curve can be constructed from a plot of maximal burst frequency versus ISO concentration (Fig. 2B Inset) . For this experiment, the EC 50 value calculated from non-linear regression analysis was 13.7nM. Overall, the mean EC 50 value for ISO-induced increased burst firing was 13.6±1.3nM, n=14 (Fig. 2C ),
suggesting that ISO initiates an enhancement of hippocampal CA3 network activity most likely through β AR activation.
Effects of Endogenous Catecholamines on Hippocampal CA3 Network
Activity. Since NE and EPI are the endogenous agonists for β AR mediated responses in the rat hippocampus, we compared the effects of these non-selective AR agonists to ISO on hippocampal CA3 burst activity frequency in the presence of αAR blockade.
After pre-treatment of slices with 10µM phentolamine, application of ISO, NE or EPI again caused a concentration-dependent increase in the frequency of hippocampal burst discharges (Fig. 3) . , 1967) . As expected for full AR agonists, there were no significant differences between the maximal effects produced by NE, EPI or ISO (data not shown). (Table 1) .
Effect of
Similar experiments using 10, 30, 100 and 300nM of metoprolol again produced 3-, 6-, 26-and 56-fold parallel rightward shifts of the fitted ISO concentration-response curve (Fig. 4C ). The Schild regression slope for metoprolol (Fig. 4D) experiments, hippocampal slices pretreated with 500, 1000, 3000 and 10,000nM ICI-118,551 produced 3-, 5-, 9-and 27-fold parallel rightward shifts of the fitted ISO concentration-response curve (Fig. 5A ). Dose ratios calculated for each ICI-118,551 concentration were used for Schild regression analysis (Fig. 5B) . The slope of the regression line included the value of unity (0.9±0.2) and the apparent K b of 222±61nM
This article has not been copyedited and formatted. The final version may differ from this version. (Table 1) .
Comparable experiments using 10,000, 20,000, and 30,000nM of butoxamine once more produced 2-, 4-and 5-fold parallel rightward shifts of the fitted ISO concentrationresponse curve (Fig. 5C ). The Schild regression slope for butoxamine (Fig. 5D) included the value of unity (1.1±0.3) and the calculated apparent K b (9,268±512nM) correlates to published values of butoxamine for the β 1AR subtype ( Additional experiments are currently being performed to confirm this hypothesis.
In conclusion, we provide functional evidence that β 1AR activation increases hippocampal CA3 burst activity. We hypothesize that this β 1AR-mediated enhancement of CA3 network activity could be the underlying mechanism through which NE reinforces certain cognitive processes such as memory retrieval in the hippocampus.
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